Abstract-A double-layered Vivaldi antenna enclosed by a metallic cylindrical cavity is investigated. The antenna is correlated to the same-size circular horn antenna to exploit the equivalent modal distribution of the Vivaldi-cavity antenna. It is shown that the TM 11 and TE 11 are the dominant modes and the proposed antenna operates similar to a dual-mode conical horn. The antenna is fabricated and successfully tested. The radiation characteristics, mutual coupling, as well as cross-polarization level are compared to a similarly sized Vivaldi without any metallic enclosure.
INTRODUCTION
Slow traveling-wave Vivaldi antennas were introduced in 70's [1, 2] . The antenna is also known as the tapered slot antenna where the tapering can be linear, partially constant, or the original exponential Vivaldi [3] . The gradual tapering maintains a uniform radiating section in terms of the wavelength, thus the operating bandwidth of the antenna is theoretically unlimited. In practice, however, the operating bandwidth of the antenna will be limited due to the transition between the feeding and radiation sections as well as limited size of the antenna [4] . The wide band and integrated features of the Vivaldi makes it a suitable antenna for variety of applications including ultra wide-band [5, 6] , millimeter-wave [7, 8] , time-domain through-wall radar [9] , and microwave imaging applications [10, 11] . Another useful aspect of Vivaldi antenna is its low cross-polarized (X-pol) radiation which is very important in those applications requiring single-polarized radiation. The antenna's X-pol level can be further decreased by employing Double-Layered Vivaldi Antennas (DLVA) [12] .
We have previously utilized an array of 24 DLVAs for an airbased microwave tomography system [12, 13] where the antennas circularly surround an object-of-interest at an even angular spacing. We then designed and implemented a more sophisticated DLVA-based tomography system by equipping the DLVAs with additional active dipole probes. The probes, consisting of p-i-n diodes, collect the fields scattered by the object based on the modulated scattering technique [14] . The p-i-n diodes require biasing wires to be modulated but the wires perturb the fields in the measurement system. The presence of the wires and existing mutual coupling between the Vivaldi antennas result in an unwanted mismatch between the experimental system and its equivalent computational model, also known as the modeling error [15] .
To decrease the mutual coupling between the DLVAs as well as protecting the antennas from unwanted perturbations in an array configuration, we studied the behavior of the DLVA inside a metallic enclosure, also referred to as a cavity. The proposed antenna is a very suitable antenna for exploiting multi-polarized microwave tomography systems [16] . This study also benefits those applications utilizing large array of Vivaldi antennas [17] . Note that various antennas have been studied inside a cavity including cavity-backed bowtie antenna [18] , loop antenna [19] , and spiral antenna [20] . However to the best of our knowledge, there is no study on the effect of cavities on Vivaldi antennas. Herein, we correlate the radiated fields to their equivalent mode distribution of a standard conical horn antenna. In order to compare the performance of the antenna, before and after introducing the metallic enclosure, we used in-house DLVAs for this study. We show that the antenna performs similar to a dual-mode conical horn antenna and the mutual coupling between adjacent antennas decreases depending on the polarization configuration.
ANTENNA'S DESCRIPTION
A Vivaldi antenna consists of a radiating section and a feeding section. The radiating section is usually symmetric and balanced. The latter one, the feeding section, delivers the energy to the radiating section and requires an implicit or explicit balun geometry to match an unbalanced coaxial feed to the balanced radiating section. We have previously designed and fabricated a DLVA, shown in Figure 1 (a), using stripline geometry for the feed section and elliptical tapering for the radiating section. The DLVA was fabricated using two layers of DiClad-527 substrate, each of which 62.5 mil thick, with relative permittivity 2.5. The ground planes of 50 Ω stripline feed are tapered exponentially to the radiating section. The stripline feed is then directly connected to the radiating section. This concludes the description of the original DLVA.
Behavior of the DLVA inside a metallic cylinder is the scope of this paper. The cylinder can be a pure metal, e.g., aluminum or can be made out of non-metallic material covered by a metallic layer. We used off-the-shelf Acrylonitrile-Butadiene-Styrene (ABS) plastic pipe which is made of thermoplastic resin and is widely available and inexpensive. It's permittivity was set to 3 in the simulations. The ABS pipe was then simply covered by a copper tape to create the cavity. Note that the copper tape does not extend to the feed; which is later discussed in more details in the Section 4.1 of this report. The ABS pipes are in standard dimensions. The DLVA's width is 70 mm and the ABS pipe is 60 mm diameter with the thickness of 4 mm. The DLVA was thus cut 7 mm from each side to fit into the ABS pipe. The reduced size DLVA is shown in Figure 1(b) . The photographs of the fabricated antenna is shown in Figures 1(c) and (d).
MODAL ANALYSIS
Consider a cylindrical open-ended waveguide with perfect-electric conducting walls (PEC), see Figure 2 aperture is in the xy-plane and the time-harmonic fields implicitly depend on e jωt . The field inside and outside the waveguide can be derived from the magnetic vector potential, A, and electric vector potential, F, composed of transverse electric (TE) and transversed magnetic (TM) modes. In the TE and TM modes, the electric field and magnetic field are located solely in the transverse plane, respectively. Knowing the fields at the aperture of the antenna, the TE and TMmode coefficients can be calculated from the formulations provided in this section.
TE Mode
In the TE mode the sole component of F is parallel to the z-axis which is expanded in terms of eigen functions as Longitudinal magnetic field component of the TE mode, H z , is then calculated from F TE z and is given by
The e jmφ can also be expressed in terms of sinusoidal degenerate functions cos(mφ) sin(mφ) . From orthogonality of derivative of Bessel functions, it can be shown that
for p = q = n and the integral vanishes for p = q. Hence if H z (ρ, φ, z) distribution is known at an arbitrary transverse plane, e.g., z = z 0 , the TE mode coefficients, α TE mn , can be obtained from
where
TM Mode
The sole component of A in the TM mode is parallel to the z-axis and is expanded in terms of eigen functions as 
From orthogonality of Bessel functions, it can be shown that
for p = q = n and the integral vanishes for p = q. Hence if E z (ρ, φ, z) distribution is known at an arbitrary transverse plane, e.g., z = z 0 , the TM mode coefficients, α TM mn , can be obtained from
Numerical Results
The DLVA-cavity antenna was simulated using Ansys-HFSS [21] . The aperture H z and E z fields were then obtained from the numerical simulation at various frequencies from 2 GHz to 11 GHz. The simulation configuration is shown in Figure 1(e) . At each frequency, the TE and TM mode coefficients were calculated using Equations (4) and (8) Higher-order modes are also excited however the amplitude of most of these modes are negligible. Since the two TM 11 and TE 11 modes are excited simultaneously, the antenna resembles a dual-mode horn antenna also known as the Potter's horn [22] .
SIMULATIONS AND EXPERIMENTAL RESULTS
In this section we present the measurement results and compare them to simulation results.
Radiation Pattern
The simulated geometry of the DLVA-cavity antenna is shown in Figure 1(e) . The E-plane and H-plane are xz-and yz-planes, respectively. We measured and simulated the far-field gain pattern of the antenna in both E-and H-planes. The simulated and measured gain patterns of the co-polarized (Co-pol) and X-pol components are shown in Figure 4 in the frequency range of 3.0 GHz to 8.0 GHz. The measured Co-pol components agree very well with the simulated patterns. The Compact Antenna test range feed has cross polarization around −35 dB, which places a limit on the level of the measured cross polarization. The X-pol components of the DLVA-cavity is below −35 dB. Thus, there is a difference between the simulated and measured X-pol patterns. The difference between the simulated and measured X-pol is more severe in the E-plane which is further discussed in Section 4.2. Figure 4 shows that there are relatively large radiations from the rear side of the antenna at θ = 180 • . The back radiations are due to the geometry of the conductor enclosure. As shown in Figure 1 , the conductor enclosure is open at the rear side and it does not fully enclose the rear side of the antenna. The reason for utilizing a partial metallic enclosure is to avoid perturbing the feeding section of the DLVA, thus it remains compatible with air. Without covering the rear side, the input impedance of the antenna remains relatively unchanged and there is no need to change the feeding section. Furthermore, unchanged DLVA geometry enables us to compare the performance of the DLVA with and without presence of the metallic enclosure.
We repeated our simulations and measurements for a reduced-size DLVA (see Figure 1(b) ), which we refer to as the DLVA without cavity. The comparison between the gain patterns of the "DLVA with cavity" and "DLVA without cavity" are shown in Figure 5 , Figure 6 , and Figure 7 at the frequencies of 3 GHz, 7 GHz, and 11 GHz, respectively. 
Cross-polarized Components and Gain
The radiation pattern of the DLVA-cavity antenna shows that the pattern has minimal angular movement within a large frequency band. Presence of the metallic enclosure maintains the boresight radiation at a precise θ = 0 • angle. Meanwhile, we discussed the modal analysis in Section 3. We showed that the DLVA-cavity antenna is similar to a conical horn with the TE 11 and TM 11 modes as the dominant modes. In our DLVA with cavity antenna, the TM 11 mode is stronger at frequencies above 7 GHz, see Figure 3 . Comparing the results shown in Figure 5 , Figure 6 , and Figure 7 , the E-plane's X-pol component increases significantly from 3 GHz to 11 GHz, whereas it remains unchanged in the H-plane. The aforementioned increase of the X-pol component in the E-plane is due to the stronger excitation of the TM 11 mode. The radiation characteristics of the TE 11 and TM 11 has been fully discussed in [23] . As shown in [22] , the TM 11 mode radiation pattern does not affect the H-plane as it is zero in this plane. It however increases the X-pol radiation in the E-plane which also affects the X-pol component at the phi = 45 • and phi = 135 • planes.
The boresight gain of the three Vivaldi antennas are shown in Figure 8 . The gain variation of the DLVA with cavity changes between 8 to 10 dBi at frequencies higher than 4 GHz which is more stable than that in conventional Vivaldi antennas. As shown in Figure 8 , stronger excitation of the TM 11 mode at 7 GHz decreases the gain of the DLVA with cavity. Figure 8 . Simulated boresight gain behavior at different frequencies.
Mutual Coupling and Reflection Coefficient
In those applications utilizing an array of Vivaldi antennas, the mutual coupling between adjacent antennas is important. In most of these applications, reducing the mutual coupling is required. We studied the characteristics of the DLVAs when they are located in a close proximity to each other. For this study, we placed two antennas touching each other with different polarization orientations: 1) the antennas are vertically polarized, 2) the antennas are horizontally polarized, and 3) both antennas are slanted. We repeated this study for a DLVA without cavity. The results are shown in Figure 9 , Figure 10 , and Figure 11 for the horizontal, vertical and slanted orientations, respectively. The results are discussed in the next section.
Finally, the reflection coefficient of the DLVA with cavity and DLVA without cavity are shown in Figure 12 (a) and Figure 12(b) , respectively. There is a difference between the simulations and measurements; which is mostly due to the fabrication [12] . The 10 dB impedance bandwidth of both antennas start at 4 GHz.
DISCUSSION AND CONCLUSION
A DLVA is a suitable option for applications requiring integrated broadband antennas, however the antenna's radiation beam moves at different frequencies and the antenna can be easily perturbed by components placed in its proximity. Further, using Vivaldi antennas in array configuration, increases the mutual coupling between adjacent antennas. We investigated the performance of the antenna when enclosed by a metallic cavity. The most important advantage of the metallic enclosure is shielding the Vivaldi from unwanted perturbations which is significantly important in some applications such as multipolarized microwave tomography systems [16] . The modal analysis of the DLVA-cavity shows that the antenna operates very similar to a dual-mode conical horn. The excitation of the TE 11 and TM 11 modes maintains the radiation beam at a precise boresight angle. The gain variations of the DLVA with cavity is lower compared to the similarlysized DLVA without cavity. In particular, stronger excitation of the TM 11 mode at higher frequencies, reduces the gain of the DLVA with cavity, see Figure 8 . Our analysis shows that X-pol component of the DLVA with cavity is not affected in the H-plane due to the minimal contribution of the TM 11 mode in the H-plane. On the other hand, excessive TM 11 mode increases the X-pol component at the E-plane substantially, for instance compare the E-plane's X-pol level of the DLVA with cavity at 7 GHz ( Figure 6 ) and 11 GHz (Figure 7 ) with that at 3 GHz ( Figure 5 ). Mutual couplings of horizontally aligned DLVAs are similar either with cavity or without cavity. This is due to the fact that the TE 11 mode is excited and thus the field distribution matches to the antennas aligned horizontally and increases the mutual coupling, see Figure 9 . Vertical orientation of the DLVAs, reduces mutual coupling between adjacent antennas when located inside a cavity. As shown in Figure 10 , the mutual coupling of the DLVA with cavity is lower than that of the DLVA without cavity at all frequencies except 5.1 GHz. The TE 31 is excited at about 5.1 GHz (see Figure 3) , thus the mutual coupling increases. The modal analysis is very useful to predict the behavior of an antenna inside a cavity. This analysis is also useful for those applications requiring minimum X-pol radiation from a Vivaldi antenna which can be obtained by controlling the modes using metallic perturbations [24] .
